Neutrophils are primary cells of the innate immune system that generate reactive oxygen species 29 (ROS) and mediate host defense. Deficient phagocyte NADPH oxidase (PHOX) function leads to 30 chronic granulomatous disease (CGD) that is characterized by invasive infections including those 31 by the generally non-pathogenic fungus Aspergillus nidulans. The role of neutrophil ROS in this 32 specific host-pathogen interaction remains unclear. Here, we exploit the optical transparency of 33 zebrafish to image the effects of neutrophil ROS on invasive fungal growth and neutrophil 34 behavior in response to Aspergillus nidulans. In a wild-type host, A. nidulans germinates rapidly 35 and elicits a robust inflammatory response with efficient fungal clearance. PHOX-deficient larvae 36 have increased susceptibility to invasive A. nidulans infection despite robust neutrophil infiltration. 37
Introduction 43
Chronic granulomatous disease (CGD) is an inherited immunodeficiency caused by 44 mutations in any of the five subunits comprising the phagocyte NADPH oxidase (PHOX) complex 45 (p22 phox , p40 phox , p47 phox , p67 phox , p91 phox ) (Bedard and Krause, 2007) Aspergillus is typically innocuous to immunocompetent individuals, susceptibility to IA is 49 increased in people with inherited immunodeficiency or medically-induced immunosuppression 50 that impairs innate immune cell function, especially those with neutropenia (King et al., 2016, 51 3 involved in regulating pro-inflammatory signals and neutrophils from CGD patients have 84 increased expression of pro-inflammatory cytokines at a basal level as well as in response to 85 pathogen challenge (Kobayashi et al., 2004 , Smeekens et al., 2012 . Together, the variable 86 requirement of PHOX activity in restricting Aspergillus growth and the increased production of 87 pro-inflammatory cytokines by CGD phagocytes support a role for PHOX activity in modulating 88 neutrophil inflammation commonly associated with CGD. However, how neutrophil-specific ROS 89 mediates fungal growth, fungal clearance, inflammation, and host survival in response to A. 90 nidulans infection remains unclear. 91
In this study, we aimed to determine the neutrophil-specific role of PHOX in both clearing 92 fungal burden and controlling inflammation and to identify characteristics of A. nidulans that allow 93 it to cause disease specifically in CGD hosts by using an established Aspergillus-larval zebrafish 94 We demonstrate that PHOX-deficient larvae (p22 phox-/-(sa11798) ) have increased 102 susceptibility to A. nidulans infection, similar to human disease. Live imaging reveals that in a 103 wild-type host, A. nidulans germinates faster, evokes a stronger immune response, and is cleared 104 faster, compared to A. fumigatus. Global PHOX activity does not prevent conidial germination but 105 reduces extensive invasive growth of A. nidulans hyphae and prevents excessive neutrophil 106 recruitment to the infection site. Restoring PHOX activity in just neutrophils limits the area of 107 invasive fungal growth and fully restores neutrophil recruitment and larval survival to wild-type 108 levels. Our data demonstrate that A. nidulans elicits a distinct immune response that leads to both 109 greater inflammation and hyphal-induced tissue damage in PHOX-deficient hosts and that 110 neutrophil-derived ROS can limit both invasive fungal growth and inflammation. 111
Results

112
5 nidulans by the host immune system ( Fig 2C) . In contrast, A. fumigatus germination was delayed 143 until 48 hpi but the percentage of larvae with germination continued to increase up to 72 hpi with 144 limited evidence of fungal clearance ( Fig 2C) . In addition to germination, we monitored invasive 145 fungal growth as defined by the presence of lateral hyphal branching. The pattern of invasive 146 growth followed a similar trend as germination. A. nidulans-infected larvae experienced faster 147 development of invasive fungal growth and subsequent clearance relative to larvae infected with 148 A. fumigatus (Fig 2D) . While there was variability in fungal growth across individual larvae, the 149 trend of early growth of A. nidulans followed by clearance was consistent, while all growth of A. 150 fumigatus occurred later ( Fig 2B) . 151
We further investigated differences in immune clearance of A. fumigatus and A. nidulans 152 by quantifying the fungal burden in individual larvae through CFU plating experiments. Wild-type 153 larvae were infected with A. fumigatus or A. nidulans spores and we measured CFUs at 0, 1, 3 and 154 5 dpi. A large percentage of the A. fumigatus spore burden persisted in the host up to 5 dpi, 155 consistent with previous findings (Knox et al., 2014) while the A. nidulans spore burden dropped 156 dramatically by 1 dpi (Fig 2E) , providing further evidence that A. nidulans is cleared faster than 157 A. fumigatus in wild-type larvae. 158
A. nidulans infection activates a greater NF-κB response than A. fumigatus 159
Germination of Aspergillus reveals cell wall polysaccharides on the hyphal surface that 160 contribute to immune activation (Henriet et al., 2016 , Hohl et al., 2005 . We hypothesized that 161 differences in germination rate between A. nidulans and A. fumigatus would therefore result in 162 differences in the inflammatory response following infection. To analyze NF-κB activation 163 induced by A. nidulans and A. fumigatus infections in vivo, we utilized a NF-κB activation reporter 164 line as a visual proxy of global pro-inflammatory activation (NF-κB RE:EGFP (Kanther et al., 165 2011)). At 1 dpi, A. nidulans-infected larvae had significantly more NF-κB reporter activity than 166 A. fumigatus-infected larvae ( Fig 3A-B) , indicating that A. nidulans elicits a stronger host immune 167 response early in infection as compared to A. fumigatus, likely contributing to its rapid clearance 168 in a wild-type host. 169 p22 phox controls A. nidulans invasive hyphal growth 170 6 We next determined whether the growth kinetics of A. nidulans are altered in p22 -/larvae 171 to begin to address why a PHOX-deficient host is more susceptible to A. nidulans. We infected 172 p22 -/and p22 +/control larvae with RFP-expressing A. nidulans and imaged the larvae by confocal 173 microscopy at 6, 24, 48, 72 and 96 hpi (Figs 4A-E, S3, Movies 1-2). In both p22 -/and p22 +/-174 backgrounds, A. nidulans spore germination occurred by 24 hpi in 100% of larvae, with similar 175 kinetics ( Fig 4A-C) . However, invasive hyphal growth was significantly increased, and fungal 176 clearance was impaired by 48 hpi in p22 -/larvae ( Fig 4B-E) . These data suggest a role for p22 phox 177 in limiting hyphal growth post-germination rather than inhibiting the initiation of germination. 178 p22 phox controls neutrophil recruitment and resolution 179
In addition to fungal burden, PHOX can also modulate inflammatory cell recruitment. infected with A. fumigatus (Fig 6B) , suggesting that neutrophil-derived ROS specifically mediates 213 survival in response to A. nidulans infection. 214
Neutrophil-specific expression of p22 phox rescues invasive fungal growth, excessive 215 neutrophil inflammation and host survival in p22 -/mutants 216
We therefore tested whether PHOX-derived ROS production in neutrophils alone was 217 sufficient to mediate survival of p22 -/larvae. We infected p22 -/-; (mpx:gfp) and p22 -/neutrophil 218 rescue larvae that re-express functional p22 phox exclusively in neutrophils (p22 -/-; mpx:p22:gfp) 219 with RFP-expressing A. nidulans and imaged larvae by confocal microscopy at 6, 24, 48, 72, and 220 96 hpi (Figs 7A-F, 8A). p22 -/larvae with p22 phox re-expressed just in neutrophils had a similar 221 burden of germinated A. nidulans spores but have less extensive fungal growth than p22 -/larvae, 222
suggesting that neutrophil production of ROS limits the area of invasive fungal growth (Figs 7A-223 E, 8A). Furthermore, neutrophil-specific expression of functional p22 phox almost completely 224 restored wild-type-like neutrophil recruitment to infection, suggesting that neutrophil-produced 225 ROS may also limit excessive neutrophil inflammation (Figs 7F, S2). Because rescue of p22 phox in 226 neutrophils alone improved both fungal burden and neutrophil inflammation in p22 -/larvae, we 227 next tested if neutrophil specific p22 phox expression improved overall host survival. Indeed, we 228 8 found that neutrophil-specific expression of functional p22 phox rescued host survival back to wild-229 type levels ( Fig 8B) . These data demonstrate that neutrophil p22 phox contributes to clearance of 230 hyphae and is sufficient for regulating excessive neutrophil recruitment. Control of both fungal 231 growth and excessive inflammation allows for restoration of survival of larvae and suggests an 232 important role of neutrophil-specific p22 phox in controlling A. nidulans infections. 233 ROS has also been implicated as a direct microbial killer, but the ability of PHOX activity 296 to kill Aspergillus has been debated. One argument against the importance of ROS in direct 297 microbial killing in this specific CGD host-A. nidulans interaction is the finding that A. nidulans 298 is not susceptible to killing by neutrophil-derived ROS in vitro, as compared to A. fumigatus 299 (Henriet et al., 2011). In our experiments, we do observe significantly greater hyphal burden of A. 300 nidulans in p22 -/compared to p22 +/larvae. However, the increased inflammation and resulting 301 tissue damage in these larvae may also create a better environment for A. nidulans growth, making 302 it difficult to parse apart these two roles for PHOX activity. 303
Discussion
Our data support a larval zebrafish model with conserved p22 phox activity that is critical for 304 defense against A. nidulans infection and contributes to host survival by mediating both fungal 305 growth and damaging inflammation. Reconstitution of p22 phox in neutrophils supported the idea 306 that there are cell-specific roles for PHOX activity during infection, however the full extent of 307 phagocyte contributions to inflammation and fungal clearance warrants further investigation. For 308 now, we think the full rescue of neutrophil recruitment and the partial rescue of invasive growth 309 during A. nidulans infection contributes to host survival in 2 ways: 1) decreasing non-oxidative Table S1 . 330
Genotyping and line generation 331
Zebrafish containing the p22 phox allele sa11798 were isolated through the Sanger Zebrafish 332 Mutation Project, Wellcome Sanger Institute, and obtained from the Zebrafish International 333
Resource Center (ZIRC). The sa11798 point mutation was detected using primers designed using 334 the dCAPS method (Neff et al., 1998) . Forward primer: p22_mutFor_MseI_F: 5'-335 CTTTTGGACCCCTGACCAGAAATTA-3'. Reverse primer: p22_mutFor_MseI_R: 5'-336 TGGCTAACATGAACCCTCCA-3'. The 211 bp PCR product was digested with MseI and 337 analyzed on 3% agarose gel, with detected band sizes of: +/+ (115 bp, 96bp ), +/-(115 bp, 96 bp, 338 74 bp) and -/-(115 bp, 74 bp). The neutrophil p22 phox rescue line was genotyped with the same 339 protocol as above, but the restriction pattern from these larvae contains an additional 84 bp product 340 in all genotypes. For easier distinction of bands, the genotypes of these larvae were determined by 341 analyzing digest products on 3% MetaPhor agarose gel. Neutrophil-specific restoration of p22 phox 342 was achieved by crossing this p22 phox sa11798 allele line with the Tg(mpx:cyba:gfp) line (Tauzin 343 et al., 2014) . The Tg(mpx:cyba:gfp); p22 phox-/is also referred to as mpx:p22:gfp in the results for 344 simplicity. Larvae expressing GFP in neutrophils were selected to grow up and establish a stable 345 line. 346
Aspergillus strains and growth conditions 347
All Aspergillus strains used in this study are listed in Table S2 . All strains were grown on 348 solid glucose minimal medium (GMM). A. fumigatus was grown at 37℃ in darkness and A. 349 nidulans was grown at 37℃ in constant light to promote asexual conidiation. Conidial suspensions 350 for microinjection were prepared using a modified protocol from Knox et al., 2014 that includes 351 an additional filtration step to eliminate hyphal fragments and conidiophores of A. nidulans from 352 the suspension. For consistency, the additional filtration step was also used for isolation of A. 353 fumigatus conidia. After Aspergillus was grown for 3-4 days on solid GMM after being plated at 354 a concentration of 1 x 10 6 conidia/10 cm plate, fresh conidia were harvested in 0.01% Tween water 355 by scraping with an L-spreader. The spore suspension was then passed through sterile Miracloth 356 into a 50 mL conical tube and the volume was adjusted to 50 mL with 0.01% Tween. The spore 357 suspension was centrifuged at 900 x g for 10 minutes at room temperature and the spore pellet was 358 re-suspended in 50 mL 1x PBS. The spore suspension was then vacuum filtrated using a Buchner 359 filter funnel with a glass disc containing 10-15 µm diameter pores. The filtered suspension was 360 centrifuged at 900 x g for 10 minutes and re-suspended in 1 mL 1x PBS. Conidia were counted 361 using a hemacytometer and the concentration was adjusted to 1.5 x 10 8 spores/mL. Conidial stocks 362 were stored at 4℃ and used up to 1 month after harvesting. 363
Western blotting 364
For western blotting, 50-100 2 dpf larvae were pooled and de-yolked in calcium-free 365
Ringer's solution with gentle disruption with a p200 pipette. Larvae were washed twice with PBS 366 and stored at -80°C until samples were lysed by sonication in 20mM Tris pH 7.6, 0.1% Triton-X-367 100, 0.2 mM Phenylmethylsulfonyl fluoride (PMSF), 1 μg/mL Pepstatin, 2 μg/mL Aprotinin, and 368 1 μg/mL Leupeptin at 300 μL per 100 larvae while on ice and clarified by centrifugation. Protein 369 concentrations were determined using a bicinchoninic acid protein assay kit (Thermo Fisher 370 Scientific), according to the manufacturer's instructions. Approximately 100 µg total protein were 371 loaded on 6-20% gradient SDS-polyacrylamide gels and transferred to nitrocellulose. Zebrafish 372 p22 phox was detected using an antibody against full-length human p22 phox (p22-phox (FL-195): sc-373 20781, Santa Cruz Biotechnology, 1:500 dilution). Western blots were imaged with an Odyssey 374 Infrared Imaging System (LI-COR Biosciences). 375
Spore microinjections 376 13
Anesthetized 2 dpf larvae were microinjected with conidia into the hindbrain ventricle via 377 the otic vesicle as described in Knox et al., 2014. 1% phenol red was mixed in a 2:1 ratio with the 378 conidial suspension so the inoculum was visible in the hindbrain after injection. After infection 379 larvae were rinsed 3x with E3 without methylene blue (E3-MB) to remove the Tricaine solution 380 and were then transferred to individual wells of a 96-well plate for survival experiments. For 381 imaging experiments larvae were kept in 35 mm dishes or 48-well plates. Survival was checked 382 daily for 7 days and larvae with a heartbeat were considered to be alive. We aimed for an average 383 spore dose of 60 spores and the actual spore dose for each experiment was monitored by CFU 384 counts and reported in the figure legends. 385
CFU counts 386
To quantify the initial spore dose and fungal burden in survival and fungal clearance assays, 387 anesthetized larvae were collected immediately after spore injection and placed in individual 1.5 388 mL micro-centrifuge tubes in 90 µl of 1x PBS with 500 µg/ml Kanamycin and 500 µg/ml 389 Gentamycin. Larvae were homogenized using a mini-bead beater for 15-20 seconds and the entire 390 volume of the tube was plated on GMM solid medium. Plates were incubated at 37℃ for 2-3 days 391
and CFUs were counted. At least 7-8 larvae were used for each condition, time point and replicate. 392
For quantifying the percent of initial spore burden, the number of CFUs were normalized to the 393 average CFU count on day 0. 394
Drug treatments 395
We used dexamethasone (Sigma) to induce general immunosuppression of wildtype larvae. 396
Dexamethasone was re-constituted to 10 mM with DMSO for a stock solution and stored at -20℃. 397
Immediately following spore microinjection, larvae were treated with 10 µM dexamethasone or 398 DMSO (0.01%) and the larvae remained in the drug bath for the entirety of the survival experiment. 399
RT-qPCR 400
RNA was extracted from individual larvae with 100 µl TRIzol reagent (Invitrogen) and 401 cDNA was synthesized with SuperScript III RT and oligo-dT (Invitrogen). cDNA was used as the 402 template for qPCR using FastStart Essential Green DNA Master (Roche) and a LightCycler96 403 (Roche). Data was normalized to rps11 using the ΔΔCq method (Livak and Schmittgen, 2001). 404
The mean of ΔΔCq values across multiple individual larvae was used to calculate the fold changes 405 14 displayed in Figure 5B . Fold changes therefore represent pooled data collected from 33 individual 406 p22 -/and 30 p22 +/+ larvae over three experiments. All qPCR primers are listed in Table S3 . 
